Sensory circuits are typically established during early development, yet how circuit specificity and function are maintained during organismal growth has not been elucidated. To gain insight we quantitatively investigated synaptic growth and connectivity in the Drosophila nociceptive network during larval development. We show that connectivity between primary nociceptors and their downstream neurons scales with animal size. We further identified the conserved Ste20-like kinase Tao as a negative regulator of synaptic growth required for maintenance of circuit specificity and connectivity. Loss of Tao kinase resulted in exuberant postsynaptic specializations and aberrant connectivity during larval growth. Using functional imaging and behavioral analysis we show that loss of Tao-induced ectopic synapses with inappropriate partner neurons are functional and alter behavioral responses in a connectionspecific manner. Our data show that fine-tuning of synaptic growth by Tao kinase is required for maintaining specificity and behavioral output of the neuronal network during animal growth.
T he function of a neuronal circuit is determined by synaptic strength and patterns of connectivity that allow information to flow in a specific manner to elicit behavior. Many circuits are formed during early development and undergo plastic changes including pruning and activity-dependent refinement to establish and adjust functional connectivity [1] [2] [3] [4] [5] . While the mechanisms of circuit establishment and refinement have been extensively studied in many systems, a less well-understood process is how circuits remain functional, while the animal and nervous system are still growing. This process requires scaling growth, adjustment of synaptic strength, or both to maintain functional output despite changes in input resistance due to larger dendritic trees or muscles. In principal, circuit output in a growing animal could be maintained by homeostatic control of neurotransmitter release, postsynaptic receptor expression, or by addition of synapses. While the former have been studied extensively by challenging synaptic function 2 , the molecular mechanisms of how neuronal networks scale proportionally during animal growth and maintain their specificity and behavioral output are not well understood.
Drosophila larvae are an excellent system to study growthrelated adjustments of circuit anatomy and function: the animals dramatically increase in size and enlarge their body surface 100fold while maintaining structural and functional connectivity of their~10,000 neurons [6] [7] [8] . Both, the peripheral and central nervous system (CNS) anatomically scale with animal growth: prominently, sensory dendrites of larval dendritic arborization (da) neurons cover the entire body wall, and scale with the animal to maintain coverage 9, 10 . Similarly, synapse numbers and firing properties of motor neurons at the neuromuscular junction (NMJ) adjust during larval growth to maintain functional output [11] [12] [13] [14] . In the CNS, motor neuron dendrites proportionally increase their size during larval growth while maintaining the overall shape and receptive field domain 8 .
Similar to the pioneering work on the Caenorhabditis elegans connectome, recent efforts to map Drosophila larval connectivity have now provided insight into circuit architecture and function of a more complex connectome [15] [16] [17] [18] . This includes the nociceptive class IV da (C4da) sensory neurons, which connect to an extensive downstream network and mediate responses to noxious mechanical and thermal stimulations, resulting in stereotyped rolling escape behavior 19, 20 . Recent electron microscopy (EM)based reconstruction of the C4da neuron second-order network revealed at least 13 subtypes consisting of 5 different local, 3 regional, 1 descending, and 4 ascending classes of interneurons 6 . In addition, this study has established that topography and sensory input are preserved in the early and late stage larval brain suggesting anatomical and functional scaling of the nociceptive network. Indeed, most larval behaviors including nociceptive responses are conserved throughout all stages suggesting that the majority of larval circuits maintain their function during animal growth 21 . Recently, a subset of C4da second-order neurons has been studied in greater detail including A08n, DnB, Basin, and mCSI neurons, which have been shown to be sufficient for nociceptive rolling behavior when activated by optogenetic or thermogenetic means [22] [23] [24] [25] [26] [27] . Functional network analyses by these and additional studies have revealed a hierarchical network organization, multisensory integration, and modality and position-specific network functions suggesting extensive processing and modulation of nociceptive inputs 22, 24, 28 . This system thus offers a unique opportunity to probe how CNS circuit growth is regulated while preserving specific connectivity and functional output.
We and others have previously characterized A08n interneurons, which are major postsynaptic partners of C4da neurons required for nociceptive behavior 22, 26, 27 . Here we characterize the developmental changes of the C4da-A08n circuit during larval growth at the synaptic level. We show that the number of presynaptic and postsynaptic sites as well as connectivity is proportionally increasing during larval development. We identified the conserved Ste20-like kinase Tao as a negative regulator of postsynaptic growth in A08n neurons. Loss of Tao function induces aberrant growth of dendrites and increased numbers of postsynaptic specializations. Strikingly, a subset of A08n postsynapses were no longer confined to the C4da presynaptic domain, but formed synapses with sensory neurons innervating adjacent regions of the neuropil. We show that these ectopic synapses are functional and result in altered network output and behavior. Our findings suggest that Tao kinase is required for maintenance of specific connectivity and function during animal growth by restricting postsynaptic growth in a circuit-specific manner.
Results
Quantitative analysis of C4da and A08n neuron synapses. To evaluate the extent of synapses formed by neurons in the larval nociceptive circuit, we focused on establishing methods to visualize and quantify connections between C4da and A08n neurons, which display extensive synaptic contact along the entire ventral nerve cord (VNC) 22 . To this end, we used three independent methods to assess synaptic connectivity by (i) employing synapse-specific GFP reconstitution across synaptic partners (Syb-GRASP 29 ), (ii) measuring the apposition of presynaptic and postsynaptic marker proteins 30 , and (iii) performing immuno-EM of synaptic markers labeling C4da-A08n neuron synapses 22 . We first quantified the number of synaptic Syb-GRASP puncta from C4da-A08n neuron synapses in third instar larvae at 96 h after egg laying (AEL) using blind analysis of deconvolved 3D image stacks with automatic thresholding of synaptic puncta (details in the "Methods" section). We consistently detected an average of 70-80 Syb-GRASP puncta per hemisegment ( Fig. 1a -c, f).
To facilitate comparison of GRASP synapse numbers with C4da and A08n neuron synaptic sites, we used the active zone marker Brp short -mCherry 31 to label C4da neuron-specific presynapses. In order to label A08n postsynaptic densities, we used Drep2-GFP previously shown to discretely label postsynaptic densities when expressed in mushroom body Kenyon cells 32 (Fig. 1d, e ). We detected close apposition of Brp short -mCherry and Drep2-GFP at discrete foci in areas of C4da-A08n contact, and analyzed the number of co-localized C4da-A08n neuron synaptic puncta using automatic thresholding of apposed Brp/ Drep2 puncta together with a distance threshold similar to previous work 30, 33 (Fig. 1f , Supplementary Fig. 1A -C, see the "Methods" section for details). Synapse numbers determined using this approach were comparable to numbers from our Syb-GRASP analysis, suggesting that both methods allowed us to estimate C4da-A08n neuron connectivity. We further analyzed the number of C4da presynaptic and A08n postsynaptic puncta in different abdominal segments: overall numbers were similar from segment to segment, with C4da neurons displaying about 2-3-fold higher presynaptic counts compared to A08 postsynapses ( Supplementary Fig. 1A -C). Moreover, C4da-A08n neuron synapse counts correlated more with the number of A08n postsynaptic than C4da presynaptic sites ( Supplementary  Fig. 1D , E).
Lastly, we performed immuno-EM labeling of C4da-A08n connectivity in larvae expressing Brp short -mCherry (C4da) and Drep2-GFP (A08n). We first counted the total number of synapses on C4da and A08n neurons, and then calculated the percentage of synapses that contained A08n postsynapses and showing expressed markers in C4da (magenta) and A08n (green). e Hemisegment showing Brp short -mCherry in C4da (magenta), Drep2-GFP in A08n (green), and merge. Scale bar = 5 µm. f Quantification of Syb-GRASP puncta compared to synaptic marker colocalization. Syb-GRASP n = 8, colocalization n = 9 ± SD. g Quantification of C4da presynaptic and A08n postsynaptic marker puncta per hemisegment. n = 10 ± SD. h Comparison of EM and light microscopic marker colocalization analyses. Percentages of counted C4da presynapses connected to A08n or A08n postsynapses connected to C4da showed no significant differences between both methods. EM: C4da n = 4, A08n n = 4, confocal: C4da n = 10, A08n n = 10. C4da: P = 0.06, A08n: P = 0.43 ± SD. Unpaired two-tailed t-test NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11408-1 ARTICLE C4da presynapses, respectively ( Fig. 1h , Supplementary Fig. 1F ). We found that~30% of C4da neuron-active zones formed synapses with A08n neurons and that~50% of Drep2-GFPlabeled A08n postsynaptic sites contacted C4da presynapses. Strikingly, the relative C4da-A08n synapse numbers we observed using EM and light microscopy were indistinguishable. Taken together, our analysis shows that light microscopic presynaptic and postsynaptic marker apposition and Syb-GRASP analysis provide valid representations of C4da-A08n neuron connectivity.
C4da-A08n neuron connectivity scales with larval growth. We next assessed C4da and A08n neuron connectivity across larval development. Drosophila larvae grow extensively after hatching and dendrite length and synaptic numbers at the NMJ and in the CNS have been shown to increase for the subsets of neurons investigated so far 6, 8, 10, 33, 34 . We analyzed C4da-A08n neuron synapse numbers from 48 to 120 h AEL using Syb-GRASP and synaptic marker apposition ( Fig. 2a, b ). Both methods showed a comparable linear increase of synaptic numbers from 48 to 96 h AEL, with synapse numbers close to doubling every 24 h. We observed a decline of C4da-A08n synapses at 120 h AEL using Syb-GRASP but not colocalization analysis, hinting at potential changes in their connectivity in wandering stage larvae ( Fig. 2a ). C4da neuron presynaptic puncta kept increasing until 120 h, while A08n postsynaptic counts plateaued at 96 h ( Fig. 2c, d ). We then calculated the ratio of C4da-A08n neuron connections across development and found that the relative C4da presynaptic output to A08n neurons displayed mild alterations between the analyzed developmental timepoints, but remained within a range between 20% and 30% ( Fig. 2e ). In contrast, we observed a significant increase in synapse/postsynapse ratios for A08n neurons from 48 to 72 h AEL indicating a developmental increase in their relative connectivity to C4da neurons during the transition from second to third instar stages ( Fig. 2e ). Taken together, these data show that C4da-A08n neuron synaptic numbers scale with larval growth and undergo stage-specific adjustments in connectivity.
Tao kinase restricts postsynaptic growth of A08n neurons. We next focused on how A08n postsynaptic growth might control synaptogenesis with C4da neurons. In a candidate RNAi screen f C4da-A08 synapse to A08n postsynapse ratios (in percent) during development from 48 h AEL until 120 h AEL. 48 h: n = 10, 72 h: n = 11, 96 h: n = 11, 120 h: n = 7, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 ± SD, ANOVA with multiple comparisons and Sidak's post-hoc test (for exact P-values and statistics see Supplementary Data 1) for growth-related genes we identified Tao kinase as a regulator of synaptic growth in A08n neurons. We perturbed Tao function in A08n or C4da neurons using RNAi-mediated knockdown (Tao RNAi ) or by overexpression of a hyperactive form of Tao (Tao CA ) 35 , and analyzed synapse numbers using our newly established methods. A08n-specific knockdown of Tao resulted in a significant increase of A08n postsynaptic puncta at 96 h AEL ( Fig. 3a-c) . In contrast, Tao hyperactivation caused a reduction of Drep2-GFP puncta. A08n neuron expression of Tao RNAi did not significantly affect C4da presynaptic or C4da-A08n synaptic numbers, while Tao CA overexpression strongly reduced both, suggesting that hyperactivation of Tao function negatively regulates C4da-A08n neuron synaptic connectivity ( Fig. 3a-d ). We sought to validate these results using Syb-GRASP and found that while Tao RNAi in A08n neurons did not affect C4da-A08n synapse numbers, Tao CA expression reduced GRASP puncta to a comparable extent as observed by our co-localization analysis ( Fig. 3e, f ). We also tested if Tao kinase was involved in presynaptic control of C4da-A08n neuron connectivity. Interestingly, C4da neuron-specific Tao RNAi expression did not affect synaptic marker numbers at 96 h AEL, while Tao CA overexpression strongly reduced C4da pre-synaptic, A08n postsynaptic, and C4da-A08n synaptic numbers (Supplementary Fig. 2A-D) . These data suggest that presynaptic Tao kinase hyperactivation has a trans-synaptic effect, while postsynaptic reduction of Tao levels affects A08n postsynaptic growth independent of C4da neurons.
As Tao RNAi in A08n neurons resulted in an increase of postsynaptic Drep2-GFP puncta, we further analyzed the localization of the presumptive additional postsynaptic compartments. We expressed Drep2-GFP together with a morphological marker (CD4-tdTomato) in A08n neurons while perturbing Tao Immunostaining with an anti-Fas3 antibody, which specifically labels C2da, C3da, and C4da sensory axons, revealed that A08n dendrites and postsynapses extended into the adjacent domains of C2da and C3da neurons, which align laterally to the medial triangular-shaped C4da axon projections. Conversely, hyperactivation of Tao kinase in A08n neurons resulted in a reduced dendritic field and fewer postsynapses. Neither perturbation affected the number of A08n postsynapses per dendritic volume suggesting that Tao activity co-regulates dendritic and synaptic growth ( Supplementary Fig. 2G -I).
We compared loss of Tao-induced synaptic and dendritic growth changes in A08n neurons with overexpression of constitutively active Ras (UAS-Ras85D V12 ) or Rac1 (UAS-Rac1 V12 ), which were previously shown to promote synaptic growth at the fly NMJ 36, 37 . Strikingly, Ras V12 but not Rac1 V12 overexpression phenocopied the loss of Tao ( Supplementary  Fig. 3A -D) indicating that Tao acts in a Ras-like manner to coordinate dendritic and synaptic growth. However, a potentially causal relationship between Tao-dependent and Ras-dependent growth requires further investigation. Nonetheless, A08n neurons displayed a comparable increase of postsynapses and dendritic volume with unchanged density in both cases ( Supplementary  Fig. 3D ). In contrast, expression of constitutive active Rac1 led to a strongly altered dendritic field with loss of volume and postsynapses, additionally resulting in lowered postsynaptic site densities. Collectively, these data show that Tao kinase function in A08n neurons negatively co-regulates dendritic growth and postsynaptic numbers, thus limiting synaptic input to the C4da neuron presynaptic domain.
Loss of Tao promotes ectopic growth throughout development.
We then analyzed the impact of loss of Tao kinase function on C4da-A08n neuron synaptic markers during larval development. Tao RNAi in A08n neurons did not strongly affect C4da presynapse numbers compared to controls except at 72 h AEL ( Fig. 4a , Supplementary Fig. 4A -D). In contrast, A08n postsynaptic numbers remained continuously elevated after loss of Tao and, remarkably, kept increasing at 120 h AEL ( Fig. 4b ). Consistently, C4da-A08n neuron synapse numbers were significantly elevated at 48 and 72 h, and particularly at 120 h AEL ( Fig. 4c) . These experiments suggest that Tao function is required throughout development to restrict A08n postsynaptic numbers and in part also C4da-A08n neuron synapses. Loss of Tao function increased the synapse/presynapse ratio in C4da neurons at most time points suggesting an overall shift in C4da neuron connectivity towards A08n neurons ( Fig. 4d ). In contrast, synapse/postsynapse ratios in A08n were decreased at 72 and 96 h AEL indicating a relative increase in alternative presynaptic inputs of A08n neurons ( Fig. 4e ). These results are consistent with the observed dendritic overgrowth phenotype with A08n dendrites invading adjacent neuropil domains upon loss of Tao (see Supplementary  Fig. 2E , F).
We next examined the developmental profile of ectopic postsynaptic puncta of A08n neurons, which were not localized within the C4da neuron presynaptic domain upon loss of Tao function. We therefore analyzed the number of postsynaptic Drep2-GFP puncta that overlapped with the C2da/C3da presynaptic domain labeled by anti-Fas3 immunostaining ( Fig. 4f-h) . In controls, we rarely observed A08n postsynapses localized outside of the C4da neuron presynaptic domain. In contrast, Tao RNAi in A08n neurons led to ectopic A08n postsynapses that were displaced laterally within the adjacent domain of C2da/C3da sensory neuron projections. Ectopic A08n postsynapses were already present at 48 h AEL and persisted to a similar degree throughout development ( Fig. 4f ). This suggests that Tao kinase function is required to prevent ectopic postsynaptic sites by restricting the A08n postsynaptic domain.
Conserved Tao kinase activity regulates postsynaptic growth. Overexpression of hyperactive Tao kinase resulted in a strong decrease of A08n Drep2-GFP puncta (see Fig. 3 ), which might indicate kinase activity-dependent regulation of postsynaptic growth in A08n neurons. To test this hypothesis further and to probe potentially conserved Tao activity, we asked if the closest human orthologue, Tao kinase 2 (hTaoK2), was capable of compensating for the loss of Drosophila Tao. TaoK2 has recently been shown to affect dendritic and synaptic development in mammals, and has been linked to Autism spectrum disorders (ASDs) based on patient mutations that alter its kinase activity [38] [39] [40] . We compared the ability of hTaoK2 or a kinase activity-impaired ASD-linked variant (hTaoK2 A135P ) to rescue loss of Tao in A08n neurons with respect to dendritic morphogenesis and synaptic overgrowth ( Fig. 5a , Supplementary  Fig. 5 ). Quantitative analysis of A08n dendrites revealed that loss of Tao in A08n neurons resulted in an increase in the number and length of dendrite branches invading the lateral C2/3da domain of the neuropil. hTaoK2 but not hTaoK2 A135P restored A08n dendritic branching to control levels and was able to fully suppress Tao RNAi -induced lateral branches ( Supplementary  Fig. 5A-D) . Similarly, we found that hTaok2 overexpression fully rescued Tao RNAi -induced A08n postsynaptic overgrowth and prevented formation of lateral ectopic postsynapses ( Fig. 5b-e ). In contrast, kinase-impaired hTaok2 A135P displayed attenuated rescue activity: although it partially normalized A08n postsynaptic and C4da-A08n synapse numbers, ectopic Drep2-GFP puncta and dendrites were still present. These results show that Tao and hTaok2 are functionally conserved and that its kinase activity is important to restrict dendritic and ectopic postsynaptic growth in A08n neurons.
Loss of Tao generates aberrant functional connectivity. We next addressed if loss of Tao-induced ectopic A08n postsynaptic structures were indeed forming functional synapses. Axons of C2da, C3da, and C4da somatosensory neurons form laminated non-overlapping structures in the VNC, with C4da neurons displaying the most medial projections followed by C3da and C2da neurons 41 . Based on the lateral displacement of A08n neuron postsynaptic sites after Tao loss of function, we hypothesized that C3da neurons might be a major subset of ectopic presynaptic partners. To assess if C3da and A08n neurons indeed form synaptic connections, we performed Syb-GRASP experiments across larval development with and without perturbation of Tao function in A08n neurons. We expressed the large fragment of the split-GFP fused to Synaptobrevin (spGFP1-10-Syb) in C3da and chordotonal (cho) neurons (nompC-LexA) and the corresponding spGFP11-CD4 transgene in A08n, which yielded few GRASP puncta in controls from 24 to 120 h AEL, consistent with the observed confinement of A08n dendrites to the C4da domain ( Fig. 6a, b , Supplementary Fig. 6A ). In contrast, Tao RNAi in A08n neurons resulted in a strong increase in C3da-A08n Syb-GRASP puncta, first detectable at 48 h AEL. No Syb-GRASP puncta were detected between A08n and the more dorso-laterally positioned cho neurons s suggesting that Tao function is required to restrict C3da-A08n synapse formation.
To further test if C3da-A08n synapses were functional, we performed in vivo calcium imaging experiments. We activated C3da/cho neurons (nompC-LexA) using the red-shifted ARTICLE optogenetic actuator CsChrimson 42 and monitored calcium signals in A08n neurons with or without Tao perturbation using the calcium sensor GCaMP6m (Fig. 6c-e ). Under control conditions, C3da/cho neuron activation did not drive calcium responses in A08n (Fig. 6d, e Ectopic connectivity alters somatosensory network function.
To dissect the impact of Tao-dependent connectivity changes, we analyzed behavioral consequences of Tao loss of function in this system. We focused on C3da/cho and C4da-dependent behaviors based on their converging circuits and functional role in noxious responses. C3da neurons are primarily involved in innocuous touch and noxious cold responses, which result in stop and turn behavior or full body contraction, respectively [43] [44] [45] . Similarly, cho neurons respond to noxious cold and high-frequency vibration giving rise to very similar behaviors including contraction/ 46, 47 . Moreover, C3da and cho neurons contribute to nociceptive rolling behavior in response to noxious mechanical stimulation or vibration-induced co-activation, respectively 22, 24 .
We first tested if Tao RNAi in A08n neurons caused mechanonociception defects and if Tao kinase activity was required ( Fig. 7a, Supplementary Fig. 7A ). Expression of Tao RNAi using an A08n-specific split-Gal4 line resulted in reduced mechanonociceptive responses, which could be fully rescued by overexpression of hTaok2 but not its kinase-impaired hTaok2 A135P variant. Comparable results were obtained using optogenetic activation of C4da neurons ( Supplementary Fig. 7B ). However, synaptic output of A08n neurons was not severely affected, as CsChrimson-mediated activation of A08n neurons with or without Tao RNAi resulted in comparable nociceptive rolling responses ( Supplementary Fig. 7C ). These results suggest that C4da-A08n synaptic transmission is partially impaired due to Tao manipulation, consistent with reduced A08n responses after optogenetic C4da neuron activation (see Supplementary  Fig. 6B-D) .
To address if Tao-dependent ectopic C3da-A08n neuron connectivity contributed to mechanonociceptive behavior, we expressed Tetanus toxin light chain (TNT) in C4da neurons while reducing Tao function in A08n neurons. Interestingly, nociceptive behavior was partially restored compared to TNT expression alone, possibly due to functional activation of A08n neurons by C3da neurons (Fig. 7b ). In contrast, C4da neuron-specific optogenetic activation revealed that A08n neuron output is required for Tao-dependent behavioral changes, as simultaneous silencing blocked any differences ( Supplementary Fig. 7D ). These findings suggest a direct contribution of loss of Tao-induced C3da-A08n neuron connections to mechanonociceptive behavior.
Lastly, we examined whether ectopic connectivity between C3da and A08n neurons could affect noxious cold responses, which are mediated by C3da/cho neurons 44, 46 . We first assayed if A08n neurons respond to a cold stimulus after loss of Tao. To this end, we analyzed calcium-dependent photoconversion of the calcium integrator CaMPARI 17 in A08n neurons in response to noxious cold. We observed a significant increase in CaMPARI photoconversion in Tao RNAi -expressing A08n neurons following a noxious cold stimulus, while controls displayed only low level responses (Fig. 7c ). Next we addressed if this altered activation of A08n neurons could affect noxious cold behavior using a cold plate assay. Freely crawling larvae (96 h AEL) were cooled from 25 to 3°C within 50 s, which resulted in sequential stop & turn behavior (mean onset at 14.79°C) followed by contraction (mean onset at 9.8°C), bending or mixed behavior (contract & bend, contract & roll) in control animals ( Fig. 7d , Supplementary  Fig. 7E, F) . However, loss of Tao in A08n neurons resulted in a significant number of animals displaying pure rolling behavior thus altering action selection at noxious cold temperatures (<10°C, Fig. 7d, e ). Although loss of Tao in A08n neurons did not affect overall contraction behavior, the onset of stop & turn behavior and bending shifted to higher or lower temperatures, respectively ( Supplementary Fig. 7E ). Taken together, these data show that loss of Tao-induced connectivity changes between C3da and A08n neurons functionally alter noxious C3da/chodependent cold and C4da-dependent mechanonociceptive responses thus perturbing modality-specific behavioral action selection.
Discussion
Evolution shaped precise neuronal networks that elicit appropriate sensory modality-dependent actions. To select for accurate behavioral responses or sequences, combinations of feedback or feedforward inhibition, disinhibition and co-activation are thought to result in command-like decisions selecting a certain behavior or induce probabilistic behavioral sequences 24, [47] [48] [49] [50] . Yet organismal size increase during juvenile development also requires proportional growth of its nervous system to maintain connectivity and thus the appropriate behavioral output. For example, zebrafish larvae already display prey catch behavior 5 days post fertilization, which is maintained and refined until adulthood despite undergoing five-fold growth in body length and further nervous system development 51 . Similarly, Drosophila larvae display preservation of most behaviors including nociceptive and mechanosensory responses from early to late stages 21 suggesting functional conservation of most circuits throughout larval growth. To investigate and understand the underlying principles of circuit maintenance that ensure consistent patterns of behavior during animal growth we combined quantitative synapse analysis, behavioral and physiological assays within the larval nociceptive network. Our analysis of C4da sensory and A08n neuron connectivity across larval development showed that synaptic contacts are linearly increasing up to four-fold from 48 to 96 h. Interestingly, C4da neurons maintain a connectivity ratio of around 25-30% with A08n throughout larval life, suggestive of tight control of synapse addition to maintain partner specificity and likely balanced innervation and output to all postsynaptic targets. Our findings are consistent with EM and light microscopic data of C4da neuron connectivity and axonal structure at early and late larval stages 6, 52 . Topography and connectivity of C4da neurons and the nociceptive network were shown to be preserved, with dendritic cable length and synaptic connections increasing 4-5 fold during larval growth. Similarly, larval visual circuits and NMJs show growth-specific adjustments in synaptic numbers as well 7, 11, 14, 33, 53 . Notably, C4da neurons form polyadic synapses clustering 3-4 postsynaptic sites of different partners at most active zones, and these structures remain stable over ARTICLE development 6 . While our light microscopic methods cannot resolve polyadic synapses, our analyses nonetheless faithfully depict the relative increase in C4da-A08n neuron connectivity, in strong agreement with the EM analyses. Moreover, our data show that the A08n postsynaptic connectivity ratio with C4da neurons increases from 48 to 72 h suggesting a developmental adjustment in the A08n circuit. Postmitotic scalar growth of neurons has also been described for subsets of retinal cells in other systems including goldfish type 1 and 2, mouse alpha-type and cat alpha-/ beta-type ganglion cells [54] [55] [56] . This suggests that similar, possibly conserved mechanisms govern proportional growth of networks to maintain function during organismal size increase. The observed proportional growth of receptive fields is required to maintain spacing and connectivity, yet the underlying molecular mechanisms have not been fully elucidated. Both, activity-dependent and activity-independent mechanisms, are known to contribute to circuit refinement and stability 5 . How either of these is required for network scaling and specificity during organismal growth remains to be elucidated in detail. Our results point to growth-related factors as major players in this process: Tao function restricts dendritic and synaptic growth during Drosophila larval development, which is critical for maintaining circuit specificity. Tao prevents dendritic overgrowth in a cell-autonomous fashion suggesting its activity is tightly controlled, possibly by extrinsic signals required to coordinate synaptic growth of partner neurons. This suggests a prime role for Tao kinase in maintaining the growth-related balance of dendrites, synapses, and network function. Previous studies have implicated that dendrite placement and growth of dendritic arbors can alter or increase synaptic input, respectively 8, 57, 58 . Similarly, synaptic domains are frequently defined by exclusion mechanisms suggesting that overriding these restrictive cues can result in aberrant connectivity 59 . While connection specificity seems to be in part encoded by cell type-specific expression of synaptic adhesion molecules, domain-specific axon targeting and dendrite placement are likely critical to prevent innervation of alternative neuronal targets. Consistently, driving neuronal growth by constitutive-active Ras overexpression resulted in Taolike dendritic and postsynaptic overgrowth. In contrast, Rac1 overactivation had detrimental effects on A08n dendritic field organization and significantly reduced A08n postsynapse density. While Ras and Rac-driven signals have been implicated in dendritic and synaptic growth, they differentially regulate dendritic field organization and synaptogenesis 60, 61 . Although it remains to be shown if Ras and Tao-dependent pathways are linked, the regulation of growth-promoting and growth-limiting factors in general might play a pivotal role not only in scaling growth, but also in restricting synaptic connectivity to the appropriate domain.
Many sensory networks including tectal neurons in tadpole and the larval visual circuit show extensive sensory input and activity-dependent control of dendritic arborization and synaptic growth during development 33, 53, 62 . Similarly, steroid hormone signaling by ecdysone is required to scale motor neuron dendrites and activity during transition from the second to the third instar larval stage 8 . While it remains to be shown if Tao kinase is involved in activity-dependent adjustments of dendritic and synaptic growth, sensory input and neuronal activity have been shown to adjust nociceptive output and finescale topography of C4da neuron axon projections, respectively 26, 52 . This suggests that the nociceptive circuit is subject to structural and functional plasticity responding to both growth and activity-related cues. As Tao kinase signaling has been linked to dendrite growth and cytoskeletal regulation 35, 39, 63, 64 , it is likely that it controls the intracellular machinery required to coordinate actin and microtubule dynamics in response to extrinsic signals, thus regulating scaled dendritic and synaptic growth.
Our data show that Tao's role in proportional growth is likely conserved as its closest human orthologue Taok2 was able to substitute for Drosophila Tao function. Interestingly, an ASDlinked kinase-impaired Taok2 variant 38 did not recover function suggesting that Tao kinase activity is essential for its role in growth regulation. Moreover, it suggests that mutations altering Taok2 activity regulate connectivity during development, thus contributing to network changes linked to ASDs. Loss of Taok2 in mice results in altered dendritic morphology and spine stability 39, 40, 64 , and Taok2 knockout mice display impaired social behavior and learning flexibility 38 . Likewise, other ASD mouse models show altered mechanosensory circuit connectivity and behavior 65 , which likely contribute to ASD-linked sensory alterations. Similarly to our Tao phenotype, loss of the growth pathway inhibitor PTEN in mice results in dendritic overgrowth and increased spine density, giving rise to ASD-like physiological and behavioral defects 66 . Thus growth-related alterations in neuronal morphology can substantially alter connectivity and contribute to pathological behavioral changes.
Recent studies have described a hierarchical circuit architecture and multisensory integration in the larval somatosensory network, which integrates the activity of distinct sensory subsets and determines specific behaviors by inhibition or facilitation [22] [23] [24] 26, 47 . While individual larval sensory neuron subsets have been shown to respond to specific modalities like vibration (cho) 67 , noxious cold (cho, C3da) 44, 46 , gentle (C2da, C3da) 20, 45 , and harsh touch (C4da) 19, 20 , overlap in second-order neuron innervation also results in extensive sensory integration (Fig. 7f ). Vibration-induced cho neuron activation has been shown to boost C4da neuron-dependent rolling responses by integration of both inputs via basin second-order neurons and increased output to command-like neurons (goro) 24 . Similarly, mechanosensitive C2da, C3da, and C4da neurons are cooperatively required for mechanonociception by facilitating C4da and A08n neuron responses via integrating neuromodulatory feedback neurons (DP-ilp7) 22 . Thus tight regulation of these circuits ensures sensory modality-specific responses even during larval growth, which is key to appropriate actions important for survival. Here we demonstrate that upon aberrant growth of A08n neurons, connectivity can be altered and have a direct impact on behavior. In agreement with Tao being required for sensory circuit integrity, our analyses showed that loss of Tao in A08n neurons induced functional ectopic synapses with C3da neurons specifically during larval growth. C3da and cho neurons were shown to mediate noxious cold responses resulting in contraction behavior, which is predominantly selected over other behaviors including C4da and A08n neuron-dependent nociceptive rolling and bending 20, 22, 44, 46 . While C3da-A08n neuron connectivity is minimal in wild-type animals, loss of Tao-induced A08n neuron overgrowth induced exuberant C3da-A08 synapses and enhanced A08n neuron activation by noxious cold. As a result, noxious cold additionally induced A08n-mediated rolling behavior not observed in controls suggesting a direct contribution of these ectopic synapses. Although the C3da neuron downstream network has not been fully elucidated, they do share network partners with C4da and cho neurons, which among others likely include Basin neurons 23, 24, 47 . Similarly to C3da, activation of cho or basin-1 neurons can induce contraction behavior, while basin-2 activation results primarily in head bending, which suppresses contraction/hunching by feedforward inhibition 47 . A similar inhibitory mechanism might normally suppress rolling during C3da/cho neuron activation, thus selecting for contraction behavior. Tao-induced ectopic C3da-A08n connectivity might bypass this mechanism by direct activation of the rolling response ( Fig. 7f ). While exuberant C3da-A08n neuron connectivity likely does not explain all observed behavioral changes, it hints at how an imbalance in interconnected networks can alter behavioral action selection. Thus the growth-restricting activity of Tao prevents ectopic connections with alternative partners including C3da neurons. This ectopic connectivity with other sensory neurons results in altered behavioral patterns and cross-modality responses. Based on the broad expression of Tao kinase family members in the nervous system of invertebrates and vertebrates, we anticipate Tao having a general function regulating proportional growth of circuits to maintain network specificity and behavior.
Methods
Drosophila melanogaster stocks. All stocks were maintained at 25°C and 70% relative humidity with a 12 h light/dark cycle on standard fly food unless noted otherwise. All transgenic lines were maintained in a white mutant (w -) or yellow white mutant (y − ,w − ) background. Stocks were obtained from the Bloomington (BDSC) Drosophila stock centers unless otherwise indicated. We used the lines as shown in Table 1 .
A second chromosome insertion of 82E12-Gal4 was generated by P-element hopping of the original insertion line (attP2 on third chromosome 27 ) using Δ2,3 transposase. Human Taok2 cDNAs (wt and A135P) were subcloned from pCMV6-ENTRY 38 into pUAST-AttB carrying a C-terminal 3xflag/His tag. Second chromosome transgenic lines (attP16) were generated using ϕC31-mediated transgenesis 70 (BestGene Inc., Chino Hills, CA, USA).
Immunohistochemistry and confocal microscopy. Larval brains were dissected in dissection buffer (108 mM NaCl, 5 mM KCl, 4 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 5 mM Trehalose, 10 mM Sucrose, 5 mM HEPES, 8.2 mM MgCl 2 , 2 mM CaCl, pH 7.4) and fixed with 4% formaldehyde/PBS for 15 min, washed with PBS and mounted on poly-L-lysine (Sigma)-coated cover slips in SlowFade Gold (Thermo Fisher, Carlsbad, CA, USA). For most samples, native fluorescence was sufficiently bright and was subsequently visualized by confocal microscopy (Zeiss LSM700). Confocal z-stacks were processed in Fiji (ImageJ, NIH, Bethesda) and/or Imaris (BitPlane, Belfast, UK). For activity-dependent GFP reconstitution across synaptic partners (Syb-GRASP) 29 , larval brains were washed after dissection for three times in dissection buffer containing 70 mM KCl. Larval brains were then kept in dissection buffer of 10 min to allow subsequent GFP reconstitution. Brains were fixed in 4% formaldehyde/PBS for 15 min and native GFP fluorescence was examined by confocal microscopy. Mouse anti-Fas3 antibody was used as a sensory axon marker (7G10, 1:200, DSHB, IA, USA), rabbit anti-GFP (Thermo Fisher, Carlsbad, CA, USA) was used to visualize presynaptic Syb-splitGFP1-10. Secondary donkey antibodies conjugated to DyLight dyes were used at 1:300 dilution (Jackson ImmunoResearch, Cambridgeshire, UK). Confocal imaging was performed as described above. All experiments were performed at least three times, examining multiple animals with consistent results.
Synaptic marker co-localization and Syb-GRASP analysis. For co-localization analysis of presynaptic and postsynaptic markers (Brp short -mCherry and Drep2-GFP, respectively) and Syb-GRASP puncta, confocal image stacks were deconvolved using a blind deconvolution algorithm, with 10 iterations at medium noise (AutoQuant, Media Cybernetics, Rockville, MD, USA) and analyzed in Imaris (Bitplane AG, Zurich, Switzerland). Puncta were automatically detected in a region of interest using the Imaris spot function set to a size of 200 nm after background subtraction and an intensity quality threshold (Brp short -mCherry: 4000, Drep2-GFP: 10,600, Syb-GRASP: 10,000) based on automatic thresholds of previous experiments with the same confocal imaging settings. Identical procedures and settings (acquisition, quality check, and threshold) were used for presynaptic and postsynaptic puncta or Syb-GRASP for every image set as described above. Images with high noise or low contrast were discarded before analysis. Only high-quality images were used for analysis to ensure consistent results, as otherwise automatic quantification was not applicable. To identify C4da-A08n neuron synapses, a spot colocalization function (MATLAB, Natick, MA, USA) was used with a distance threshold of 0.35 μm. For every animal, four abdominal hemisegments (a5 and a6) were analyzed and averaged. Distance threshold for synaptic contact was set to 350 nm based on estimated distances between the synaptic marker proteins similarly to previous studies 30, 33 .
Mechanonociception assays. Mechanonociception experiments were performed with calibrated von-Frey-filaments (35 or 50 mN) and staged third instar larvae (96 h AEL ± 3 h) 21, 22, 71 . Larvae were carefully transferred to a 2% agar plates with a 1 ml water film and stimulated twice on mid-abdominal segments (a3-a6) within 2 s. Behavioral responses (non-nociceptive, bending, rolling) were noted and only behavioral responses to the second stimulus were analyzed and plotted. Staging and experiments were done in a blinded fashion and randomized fashion.
Optogenetic behavioral assays. For optogenetic behavior, larvae were grown in darkness on grape agar plates with yeast paste containing 5 mM all-trans-retinal. Staged third instar larvae (96 h ± 3 h AEL) were carefully transferred under low red light conditions to a 2% agar plates with a 1 ml water film. CsChrimson was activated with 625 nm light (760 μW/cm²) for 5 s. Videos were taken during the experiment and analyzed using the Fiji cell counter plugin (ImageJ, NIH, Bethesda). Staging, experiments, and analyses were done in a blinded fashion. Rolling was defined as at least one complete 360°roll. Bending was defined as a cshape like twitching, typically seen before rolling behavior, and not to be confused with other described bending behavior 47 . Turning behavior describes head turning and thereby a direction changes of locomotion. All behavioral assays and analyses were performed in a blinded and randomized fashion.
Cold plate assay. For the cold plate assay, 20-30 larvae (96 h AEL ± 3 h) were placed on a 7.2 mm × 11.2 mm × 1 mm brass metal plate, which was coated with a 1 mm 2% agar and 1 ml water film. The plate was put on the heating/cooling block of a PCR Thermo-Cycler (Biometra TGradient, Biomedizinische Analytik GmbH, Göttingen, Germany). A program was established so the temperature on the agar fell from 25 to 3°C within 50 s after staying at 25°C for 15 s (15 s at 25°C, cooling to −3°C). Temperature of the agar surface was monitored and video-captured during the whole experiment (GTH 1170 digital thermometer, Greisinger electronic, Remscheid, Germany). Videos were taken using a digital camera (Basler ace acA2040-25gm, Basler AG, Ahrensburg, Germany) and FrameGrabber software (StreamPix, NorPix Inc., Montreal, Canada) and analyzed using the Fiji cell counter plugin (ImageJ, NIH, Bethesda). Experiments and analyses were done in a blinded fashion. Stop and turning behavior describes stopping of typical larval locomotion with subsequent head turning behavior. Contraction behavior was defined by contraction of the larval body in an unbent, straight fashion. Contraction and bending was defined by contraction behavior with simultaneous cshape like bending. Contraction and rolling was defined by contraction behavior with at least one simultaneous 360°roll. Rolling was defined as at least one NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11408-1 ARTICLE complete 360°roll. Bending was defined as c-shaped twitching, not to be confused with other described bending behavior 47 . Response categories were defined and numbered according to progressively stronger behavioral responses (1 = crawling, 2 = stop & turn, 3 = contraction, 4 = contraction & bending, 5 = contraction & rolling, 6 = bending, 7 = rolling). The highest response category of an individual animal was defined as the observed behavior corresponding to the highest numerical value defined above to describe changes from C3da to C4da neurondependent responses. All behavioral assays and analyses were performed in a blinded and randomized fashion.
GCaMP6 calcium imaging. Staged third instar larvae (96 h (+−3) AEL) were partially dissected in physiological saline buffer (120 mM NaCl, 3 mM KCl, 10 mM Trehalose, 10 mM Glucose, 10 mM Sucrose, 10 mM NaHCO 3 , 4 mM MgCl 2 , 1.5 mM CaCl, 10 mM HEPES, pH 7.25) and pinned on a Sylgard plate to expose the VNC. A08n neuron somata expressing Gcamp6m were live imaged by confocal microscopy with a ×40/NA1.0 water objective (Zeiss LSM700, Zeiss, Oberkochen, Germany). Activation of sensory neurons induced by C3da or C4da-specific CsChrimson activation was achieved using a 635 nm LED (Mightex, Pleasanton, CA, USA) filament with maximum output of 70 μW/cm². Confocal time series were taken at 4.1 frames/s (320 × 320 pixels). A08n somata were focused and after 20 frames of stable imaging, the 635 nm LED was activated for 5 s. Times series files were analyzed in Fiji/ImageJ using image registration (StackReg plugin) to correct for VNC movement and subsequent quantification of GCaMP6m signal intensity in the soma using the Time Series Analyzer V3 plugin (ImageJ). Baseline (F 0 ) was determined by the average of 15 frames before activation. Relative maximum intensity change (ΔF max ) of Gcamp6m fluorescence was calculated after normalization to baseline.
CaMPARI calcium integrator assay. CaMPARI, a photoconvertible calcium integrator 17 , was converted with UV light to measure A08n neuronal activity in the presence of a 4°C cold stimulus. The ratio of photoconversion correlates with calcium levels in neurons during the time window defined by the UV conversion light. 96 h AEL old larvae were put on a 6 cm grape agar Petri dish. A drop of 80 μl cold water at 4°C was applied and the larvae were exposed to 20 s of photoconversion light (385 nm, 0.537 mW/mm²). Larval brains were dissected, fixed in 4% formaledhyde/PBS solution for 15 min, and imaged with a confocal microscope. For quantification of the conversion ratio, maximum intensity projections of the acquired z-stacks were analyzed (A08n soma region, equal stack size). Intensities of the red and green fluorescent CaMPARI forms were measured in A08n somata (ImageJ, NIH, Bethesda) to acquire F red /F green ratios.
EM analysis of C4da-A08n synapses. Drep2-GFP and Brp short -mCherry were expressed in A08n and C4da neurons to specifically visualize C4da presynaptic active zones and A08n postsynaptic densities, respectively (27H06-LexA > LexAop-Brp short -mCherry; 82E12-Gal4 > UAS-Drep2-GFP). Larvae (96 h AEL) were dissected in 0.1 M Sorensen's phosphate buffer (SPB, Electron Microscopy Sciences, Hatfield, PA, USA), fixed with periodate-lysine-paraformaldehyde (PLP, Electron Microscopy Sciences, Hatfield, PA, USA) for 20 min followed by fixation in 0.01% glutaraldehyde in SPB for another 30 min at RT. Free aldehyde was quenched with 1 mM glycine in SPB for 10 min. To ensure antibody penetration of the bloodbrain barrier, it was necessary to carefully puncture the brain's surface with an electrolytically sharpened tungsten needle. Subsequently, 0.3% H 2 O 2 was applied for 30 min to block endogenous peroxidase activity. After washing and blocking in a buffer (SPB, 0,25% Saponin (Sigma-Aldrich, St. Louis, MO, USA)) brains were stained with rabbit αGFP (1:500, #A-11122, ThermoFisher, Waltham, MA, USA) and rabbit αdsRed (1:500, #632496, ClonTech, Mountain View, CA, USA) in blocking solution, followed by the VectaStain ABC kit procedure with a biotinylated anti-rabbit secondary antibody and HRP (Vector Laboratories, Peterborough, UK). Samples were incubated in SPB containing 0.5 mg/ml DAB and 0,003% H 2 O 2 to visualize HRP activity. Stained specimens were postfixed in 2% GA in SPB for 1 h and then treated with 1% OsO 4 for 1 h on ice. After an ethanol dehydration series, the specimens were embedded in epon (Roth, Karlsruhe, Germany). We cut 0.5 μm semi-thin cross-sections of the VNC and examined them under a light microscope to find DAB-stained areas with labeled neuronal structures. Ultrathin sections of 60 nm were examined and imaged on an EM902 (Zeiss, Oberkochen, Germany). Serial sections from multiple animals were examined and images were taken with a TRS 2K digital camera (A. Tröndle, Moorenweis, Germany). Multiple section series were then analyzed for C4da active zones and A08n postsynaptic compartments. Individual labeled compartments from multiple animals (n = 4) were counted and the number of direct C4da-A08n synaptic contacts was determined and given as a ratio to the total of identified C4da presynapse or A08n postsynapse.
Quantification and statistical analysis. Statistical analysis was done with Prism 6 (Graphpad, San Diego, CA, USA). All shown whiskers represent standard deviation. Appropriate statistical tests were applied and are mentioned in figure legends. Sample sizes were chosen to be similar to previous publications [22] [23] [24] 30 . For normal distributed data, unpaired two-tailed Student's t-test (two groups), One Way ANOVA (multiple comparison), and χ² tests (two groups with more than two categorized behavioral data, Fisher's exact test for two categorized behavioral data) were used to compare groups. For multiple comparisons, Dunnett's post-hoc test was performed to compare several groups with a control group, Sidak's post-hoc test was performed to compare preselected pairs. Further post-hoc tests (e.g. Bartlett's) and all statistics are included as Supplementary Data 1.
